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Objectives: The optimal repair of functional mitral regurgitation is still debated. No device is able to simulta-
neously abolish mitral regurgitation and replicate natural mitral annular dynamics. We have tested a fully elastic
mitral ring in an acute animal study with the purpose of evaluating (1) ring design and implantation technique, (2)
elastic performance, and (3) acute effects on the native mitral annulus.
Methods: Ten healthy sheep underwent surgical implantation of mitral devices, the elastic component of which is
represented by a helicoid metallic spring. Preimplantation and postimplantation echocardiographic parameter
measurements to evaluate annular dynamics and ventricular function comprise mitral annular motion, systolic
tissue Doppler imaging peak wave, transmitral pressure gradient, peak transmitral flow velocity, and ejection frac-
tion. Postimplantation angiographic analysis allowed measurement of the mitral annular area and perimeter var-
iations by means of segmentation of the radiopaque mitral device contour.
Results:No significant difference in terms of ejection fraction (P¼ .13) and systolic tissue Doppler imaging peak
wave (P ¼ .87) was found before and after implantation. Mitral annular motion (1.16 cm) was preserved. The
percentage of systolic annular reduction derived from angiographic analysis was 14.1% (range, 7.7%–
19.7%) in terms of area and 7.2% (range, 4.9%–10.0%) in terms of perimeter.
Conclusions: A mitral elastic ring, implantable by using a standard technique, acutely preserves mitral annular
dynamics, allowing area and perimeter changes. Further chronic study is needed to verify the biocompatibility
and durability of the device.The mitral annulus (MA) is a discontinuous fibromuscular
ring with a rough anatomic structure and complex physiol-
ogy. It is a dynamic structure that undergoes changes in
size and shape throughout the cardiac cycle.1
The change in the size of the annular area has been dem-
onstrated in animal and human models, and a cyclic reduc-
tion of annular area has been revealed, with minimal area
in systole.2-5 It has also been pointed out that the shape of
the MA is a hyperbolic paraboloid and is therefore reminis-
cent of a saddle, with a higher curvature in systole.6 Further-
more, the annulus is seen to move during the cardiac cycle; it
undergoes anterior displacement toward the apex during
ventricular systole and posterior displacement toward the
base during ventricular diastole, as well as during atrial
contraction.7,8
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doi:10.1016/j.jtcvs.2008.08.041174 The Journal of Thoracic and Cardiovascular SurThe MA dynamics are regulated by the elastic properties
of the myocardial tissue.7 Theoretically, the ideal annulo-
plasty ring design for functional mitral regurgitation
(FMR) should, in addition to permanently abolishing mitral
insufficiency, promote an MA dynamic motion, facilitate its
sphincteric contraction, and provide an active force to help
in the orifice’s systolic mitral area reduction. A fully elastic
mitral ring prototype was developed and implanted on the
MAs of 10 healthy sheep to test this hypothesis. The purpose
of this study was to acutely assess the maintenance of the
physiologic annular motion behavior.
MATERIALS AND METHODS
The animal study was designed to evaluate immediate (day 0) and long-
term (3–6 months) results after implantation of the elastic device in healthy
sheep. Long-term evaluation will mostly aim at the device’s physical
performance and biocompatibility assessment. The present study reports
the early results, with the aim of demonstrating the feasibility of the proce-
dure and the device’s mechanical performance in its interaction with the
native MA.
Mitral Device
The device used for this study is a fully elastic and flexible ring that is able
to expand and bend according to MA dynamics. By definition, this device
follows the law of elasticity, which states that an elastic body deforms under
external forces but then returns to its original shape and dimensions when
the external forces are removed.
The device is made up of 2 basic components: (1) a flexible and expand-
able textile suturable component that enables the implantation of the ringgery c January 2009
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TAbbreviations and Acronyms
CPB ¼ cardiopulmonary bypass
EF ¼ ejection fraction
FMR ¼ functional mitral regurgitation
ICC ¼ intraclass correlation coefficient
LV ¼ left ventricle
MA ¼ mitral annulus
MAM ¼ mitral annular motion
S-TDI ¼ systolic tissue Doppler imaging
according to the usual annuloplasty surgical technique and (2) an elastic
component represented by a helicoid spring made of a metallic alloy.
The spring has an elastic constant of 20 N/m, corresponding to an exerted
force of 160g for an elongation of 20%. The elastic constant of the device
has been chosen empirically after animal tests and according to Literature
values of annular dynamics in healthy sheep.3 The spring is circular at
rest. For the implantation, the device is mounted on a holder that has the
typical kidney-bean shape of the MA, with a linear anterior border (relative
to the intertrigonal segment) and a circular posterior border (relative to the
shape of the annulus between the commissures). When mounted on the
holder, the device is loaded and is subjected to an elongation of 20%.
The predetermined dimension of the device, relative to the intercommissural
diameter at implantation, has been derived from anatomic data from previ-
ous reports.2 Because the ring is stretched when implanted, it tends to con-
tract theMA after implantation. Figure 1 shows the dimensions of the spring
at rest and in implant configuration.
The viscoelastic properties of the annular tissue together with the left
ventricular forces and pressure during the cardiac cycle determine the dy-
namics of the elastic device (Figure 2).
Surgical Procedure
The study was approved by the institutional ethics committee for animal
research, and all animals received humane care in compliance with the
‘‘Guide for the care and use of laboratory animals’’ prepared by the Institute
of Laboratory Animal Resources, National Research Council, and published
by the National Academy Press, revised 1996. This study follows the Italian
guidelines for the protection of animals used for scientific and other exper-
imental purposes (D.L.G.S. 27/01/1992, no. 116).
Ten female Ile de France sheep, weighing 63.5 4.5 kg (range, 55–70 kg)
and with a mean age of 18.17  6.78 months, were anesthetized with an
intravenous injection of 10 mg/kg thiopental followed by isoflurane in
100% oxygen. Mechanical ventilation was maintained with an air/oxygen
mixture and a tidal volume of 20 mL/kg.The Journal of Thoracic and CIn right lateral recumbency a left fourth intercostal thoracotomy was
performed, and the heart was suspended in a pericardial cradle.
After full heparinization, normothermic cardiopulmonary bypass (CPB)
was instituted, cannulating the right carotid artery with a 20F cannula and
the right ventricle through the pulmonary artery with a 28F cannula. The
pump flow was kept at a rate of 50 mL $ kg1 $ min1 by using a roller
heart-lung machine primed with 1000 mL of lactated Ringer solution and
bicarbonate. Blood gases were maintained in the physiologic range with
a membrane oxygenator. With the heart beating, an incision on the left atrial
appendage was performed, and the device was sutured to the MA by means
of 10 to 12 single U stitches. The left atriumwas closed and vented, and after
a period of hemodynamic stabilization, the animals were weaned from CPB.
After the completion of angiographic and echocardiographic evaluation, the
chest was closed, and the animals were weaned frommechanical ventilation
and awakened.
Echocardiography
All epicardial Doppler echocardiographic studies were performed with
a multifrequency transducer attached to a Vingmed System 5 (General
Electric, Fairfield, Conn). All images were obtained in real time by an
experienced echocardiographer in sleeping animals before and after CPB.
Two-dimensional echocardiographic analysis was performed epicardially
through the intercostal thoracotomy and through the transdiaphragmatic
approach. Long-axis, short-axis, 4-chamber, and 5-chamber views were
obtained.
Three sets of measurements were made in each echocardiographic view
at predetermined steps. The mean value of 3 measurements was used to
describe the quantitative data for each animal at each step. End-diastolic
and end-systolic measurements were obtained at the time of the peak
R-wave and the end of the T-wave, respectively.
FIGURE 1. The elastic component of the device is represented by a heli-
coid spring: A, rest configuration with dimensions; B, implant configuration
with dimensions.FIGURE 2. Echocardiographic imaging: change in shape and dimensions according to the cardiac cycle phases: diastole (on the left) and systole (on the
right).ardiovascular Surgery c Volume 137, Number 1 175
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TMeasurement of mitral annular motion (MAM), which defines the
systolic movement of the MA toward the apex, was done by placing
the M-mode cursor perpendicular to the lateral site of the MA
(Figure 3).
Doppler tissue imaging was performed in the lateral walls with a 2-mm
sampling volume by using an apical 4-chamber view. The peak of the
systolic wave (systolic tissue Doppler imaging [S-TDI]) was measured.
Continuous-wave Doppler scanning was used to obtain peak transmitral
flow velocity (E-wave) as well as mean transmitral pressure gradient.
Ejection fraction (EF) was calculated with a modified Simpson’s rule. Mitral
and aortic regurgitation were checked with color flow Doppler echocardio-
graphic analysis.
Angiography
After the implantation of the mitral device, an angiographic scan was
taken for each sheep. Images were acquired in the hemodynamically stable
open-chest animals with a Stenoscop 9000 MDA (General Electric Medical
Systems, Milwaukee, Wis) able to obtain 25 images per second. Angiogra-
phy scans of the left ventricle and aorta were performed to check for the
presence of mitral or aortic regurgitation. A number of angiographic
sequences were taken to assess the right positioning of the mitral ring and
its dynamics after implantation by using lateral and left anterior views.
Data from the scans were digitized for the offline calculation of the ring
area and perimeter.
Because of the radiopacity of the metallic alloy of the spring, it was
possible to evaluate the spring position and dimensions.
For each sheep, at least 1 angiographic sequence was taken, relative to
a frontal view of the ring. The outer border of the spring is assumed to move
integrally with the MA with no relative displacement according to the tech-
nique of implantation and the device design. Each frame of the angiographic
sequence was extracted and scaled by using a known reference dimension.
The contour of the spring in each frame was extracted, drawing a number
of points (between 20 and 30) on the outer border. Least-squares cubic
splines were drawn to join the points and create closed curves relative to
the spring contour (Figure 4).
The area and perimeter of the curves were calculated during the car-
diac cycle. Two different blinded operators performed the measurements
using 2 different methods of segmentation of the mitral ring border:
Autocad 2004 (Autodesk Systems, Alpharetta, Ga) and in-house built
MATLAB code (MathWorks, Inc, Natick, Mass). The 2-dimensional
area was calculated by means of the MATLAB function polyarea. The
perimeter was calculated as the sum of the segments defined by the
contour points.
FIGURE 3. Echocardiographic measurement of mitral annular motion
(MAM).176 The Journal of Thoracic and Cardiovascular SurBecause of the differences in heart rate for each sheep, the cardiac cycle
length was normalized to 1 to allow comparison of the data. The curves were
aligned, positioning the end-diastolic phase (middle point between the max-
imum and minimum opening of the ring) at 0.5, according to previously
reported methods.2,9
The systolic percentage of annular area and perimeter reduction was
calculated for each sheep, defined as follows:
Systolic reduction ¼ Max valueMin value
Max value
,100:
Statistical Analysis
All variables were tested not to violate the normality assumption by
using the Kolmogorov–Smirnov test and were reported as the mean stan-
dard deviation. Comparisons between means were performed by using the
paired-sample 2-sided t test, as appropriate. When independent-samples
t tests were performed, the equality of variance between samples was
assessed by using the F test. Linear correlation analysis was carried out to
examine the linear relation between dependent variables. Statistical analyses
were performed with the SPSS version 13.0 software package (SPSS, Inc,
Chicago, Ill).
Because the offline calculation derived from the angiographic scans was
performed by 2 independent operatorswho used 2 different methods, themea-
surements of systolic and diastolic area and perimeter were compared. This
comparison showed a significant consistency of the measurements; for all
parameters, no statistical difference was found by using the paired t test
and intraclass correlation coefficients (ICCs). Excellent agreement was found
in case of diastolic perimeter (paired t test, P ¼ .877, ICC ¼ 0.895), systolic
perimeter (paired t test, P ¼ .851, ICC ¼ 0.855), and diastolic area (paired
t test, P ¼ .653, ICC ¼ 0.837), whereas very good agreement was found in
case of systolic area (paired t test, P ¼ .500, ICC ¼ 0.792). ICCs proved
the very high reliability of the method, yielding a value for the coefficient
of greater than 0.75 for all the comparisons.
FIGURE 4. Sample of an angiographic scan of the implanted device. The
white line represents the outer border, depicted to perform the measurement
of the area and perimeter of the mitral annulus.gery c January 2009
Ferrazzi et al Evolving Technology
E
TRESULTS
Surgical procedures were carried out uneventfully for all
10 sheep. The implantation technique was simple and very
close to the standard technique adopted for mitral ring annu-
loplasty. All the animals survived the intervention, and the
acute instrumental examinations were completed in similar
preimplantation and postimplantation hemodynamic condi-
tions. All the animals were in sinus rhythm.
Echocardiographic Assessment
No mitral or aortic regurgitation was identified in any ani-
mal before and after the mitral device implantation. The sys-
tolic function, in terms of EF and S-TDI, was similar before
and after implantation (EFbasal ¼ 64.5%, EFimplantation ¼
65.4%, P ¼ .13; S-TDIbasal ¼ 0.06, S-TDIimplantation ¼ 0.07,
P ¼ .87). MA plane motion was maintained after implanta-
tion, although it was reduced (MAMbasal ¼ 1.4 cm,
MAMimplantation ¼ 1.2 cm, P ¼ .0029). Transmitral mean
gradient (P ¼ .0026) and E-wave (P ¼ .00092) increased
from baseline to after implantation (Table 1).
Angiographic Assessment
All curves show similar behavior, with a maximum in the
first part of the cardiac cycle (corresponding to end-diastole)
and a minimum in the second part of the cardiac cycle (cor-
responding to early systole). Maximum (diastolic) area for
the rings was 372.1  113.5 mm2, and minimum (systolic)
area was 322.9  106.5 mm2; these 2 values were found
to be statistically different (P< .001). Maximum perimeter
was 69  11.1 mm.
The percentage of systolic annular reduction was 14.1%
(range, 7.7%–19.7%) in terms of area and 7.2% (range,
4.9%–10.0%) in terms of perimeter. The correlation between
the changes in area andperimeterwas good (r¼ 0.77,P<.01).
The average values for perimeter and area were calculated
instant by instant over the nondimensionalized cardiac cycle
for the sheep population and are plotted in Figure 5. The
behavior of this curve is similar to that reported in healthy
sheep by other authors.2,3,9
TABLE 1. Morphofunctional parameters: basal and postimplantation
measurements
Basal Postimplantation P value
HR (beats/min) 96  14 101  5 .68
Systolic BP (mm Hg) 111  18 99  14 .20
Diastolic BP (mm Hg) 84  11 78  8 .10
EF (%) 64.5  1.3 65.4  1.6 .13
S-TDI (m/s) 0.06  0.01 0.07  0.03 .87
MAM (cm) 1.4  0.3 1.2  0.3 .0029
E (m/s) 0.6  0.1 1.2  0.2 .00094
TransmitralDP (mm Hg) 0.8  0.2 3.1  1.3 .0026
HR, Heart rate; BP, blood pressure; EF, ejection fraction; S-TDI, systolic tissue Dopp-
ler imaging wave;MAM, mitral annular motion; E, peak mitral flow velocity; transmi-
tral DP, mean transmitral pressure gradient.The Journal of Thoracic and CDISCUSSION
This animal study demonstrates that a fully elastic ring,
implanted on the MA of a healthy sheep, allows physiologic
dynamic behavior of the mitral apparatus in terms of motion
of the mitral plane and variations in perimeter and area in
accordance with cardiac cycle phases.
In this study, echocardiography was performed before and
after the implantation of the mitral ring to assess hemody-
namic and functional parameters, whereas angiography
was performed only after the implantation to quantify the de-
vice’s geometric changes during the cardiac cycle. All ani-
mals studied were healthy adult sheep, and no evidence of
hemodynamically significant mitral regurgitation, as deter-
mined by means of Doppler echocardiographic analysis,
was registered at the time of data collection before and after
surgical intervention.All datawere obtainedwith the animals
ventilated and in normal sinus rhythm. Hemodynamics,
including heart rate, EF, blood pressure, and S-TDI wave,
were similar before and after the implantation (P> .1),
enabling homogeneous observations of MA dynamics with-
out confounding interference of LV function.
Although no undersizing of the MAwas performed in this
study, a certain degree of annular morphologic and dimen-
sional changes occurred. It is well known that the implanta-
tion of any type of mitral ring reduces significantly the
annular size, mainly because of the suturing technique: the
use of interrupted horizontal mattress sutures, as in our
experiment, placed around the entire MA contour causes
a certain degree of annular stiffening and reduction.2Because
of this, some statistical differences between basal and post-
implantation values of echocardiographic parameters have
been registered: MAM, E-peak mitral flow velocity, and
mean transmitral pressure gradient. Nevertheless, none of
these parameters have crucial morphologic or hemodynamic
relevance.
A major component in MA dynamics is represented by
annular plane motion according to the cardiac cycle
phases.10-12 The magnitude of MAM correlates with systolic
and diastolic ventricular function,8,11 is subject to atriogenic
FIGURE 5. Average area and perimeter of the outer border of the metallic
spring for the animal population.ardiovascular Surgery c Volume 137, Number 1 177
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Tinfluence,3,13 contributes to sphincteric action as an aid to
ventricular filling and emptying, accounts for a relevant por-
tion of total filling and emptying of ventricular volume, and
finally determines a large amount of stroke volume.11 This
MA movement is well displayed by the M-mode echocar-
diographic measurement of MAM. A mean MAM value of
1.2 0.3 cm has been registered in the present study, which
confirms that a flexible and elastic device preserves annular
motion, although at a reduced level. This result is similar to
those reported in previous animal and clinical studies with
different types of mitral annuloplasty.14,15
Several studies performed in animals and human subjects
have demonstrated that annular area and perimeter are
subjected to variation during the cardiac cycle in terms of
dimension and shape. This phenomenon depends on
systodiastolic differences in commissure–commissure and
septal–lateral diameters together with the variation in curva-
ture of the saddle shape of the annulus.3,16 The area change
reported in the Literature for healthy subjects varies from
6.9% to 16.7% in ovine models2,3,5,16-18 and from 9.3% to
26.0% in human models.1,19-21 The physiologic changes in
MA area are prevalently regulated by the normal LV
geometry and function.3,19,22 As reported by several authors
in animal studies,2,18,23 the implantation of a complete mitral
ring, nomatter the type (rigid, flexible, or selectivelyflexible),
does not allow a physiologic change in the area and perimeter
of the MA. A significant annular area variation is only re-
ported for a C-shaped annuloplasty band, which allows free
motion of the intertrigonal segment of the annulus23; how-
ever, controversial results have been reported also for this
type of device.18,23 In human studies mitral area variation
has been reported after implantation of a flexible C-shaped
band24 or flexible ring,25 whereas no significant area change
was reported in case of the implantation of a rigid ring.
In our study the observed extent of ring annular area and
perimeter variations were 14.1% and 7.2%, respectively,
suggesting that this new flexible and fully elastic ringmodifies
its dimensions according to the natural MA movements,
allowing a physiologic value of area and perimeter variations.
This result is due to the intrinsic properties of the spring.
The reduction inMAsize that occurs after any ring implan-
tation (which occurred also in our study) would likely require
a greater force than that generated by the ventricular contrac-
tion to change the annular area. Following the length–tension
relationship of the cardiac muscle, a shorter length of muscle
fibers associated with a shorter length of the MA causes a re-
duction of the annular forces.2 Hencewe hypothesize that the
active elastic recoil force of our device might have replaced
the lack of native muscular tension and therefore contributed
to the physiologic variation of the annular area.
Clinical Implications
The clinical implications of this work principally refer to
the field of FMR. FMR is characterized by geometric LV178 The Journal of Thoracic and Cardiovascular Suremodeling, with dilatation and dysfunction typically seen
in idiopathic dilated cardiomyopathy and ischemic cardio-
myopathy. During the last 2 decades, many experimental
and clinical studies have been performed on the interpreta-
tion of the disease8,11,19,20,26-28 and the analysis of clinical re-
sults.5,26,29-31 Evolving concepts have stimulated research on
the design of new generations ofmitral annuloplasty devices.
The principles of mitral valve repair (MVR) have evolved in
an attempt to identify the best device able to cure the mitral
lesion and simultaneously replicate the MA physiologic
shape and dynamics. However, the intrinsic elastic properties
of the normal MA, in terms of perimeter variation, area var-
iation, folding, contraction of the posterior portion, and ex-
tension of the anterior portion, have not been taken into
account. The principles that are accepted in the best practice
at present refer to undersizing of the MA, reduction and fix-
ation of septal–lateral dimension, and adoption of cause-spe-
cific geometrically shaped rings.29 This attitude appears to be
a renunciation of a new thinking on FMR optimal repair that
has been advocated by many authors.3,14,16,17,19,23,32-34
The preliminary results of our study suggest that the
potential benefits of a device aimed at the correction of
FMR that is flexible and fully elastic allows the physiologic
dynamics of the mitral valve complex and restores elastic
forces where they have been reduced because of ventricular
dysfunction.35
Limitations
The presence of a metal helicoid spring constituting the
device has affected the amount of information that could
be extracted from echocardiographic analysis. A number
of measurements of aortic and mitral diameters, as well as
annular contour length, have been attempted, but the intra-
observer and interobserver variability were too high to
accept these measures.
Area and perimeter have been calculated by means of
angiographic scans because of the radiopacity of the
metal. The derived anatomic definition of the MA is
more subjective than in imaging based on visually identi-
fiable structures, such as implanted annular markers or pi-
ezoelectric crystals.2,3,16 Nevertheless, the tracing of the
annular contour in the present study was performed in
a consistent manner with good reproducibility, as demon-
strated by the absence of significant interobserver varia-
tion. Furthermore, because no sliding between the
metallic ring and the MA is present, the calculated area
of the outer border of the mitral ring is proportional to
the actual value of the MA area. Therefore we consider
the comparison of our results with those reported by
others in animal models reasonable.
Most studies on MA dynamics in animals have been
performed 1 week after the implantation during mild seda-
tion or total anesthesia.2,3,32 In our study the measurements
have been performed during anesthesia and mechanicalrgery c January 2009
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Tventilation before chest closure. The homogeneity of preim-
plantation and postimplantation settings is demonstrated by
the absence of a significant difference in hemodynamic pa-
rameters, and therefore the evaluation of the MA dynamics
appears to be correct.
No undersizing of the MA had been planned before the
study. However, all the prototypes implanted had the same
size, according to the minimum value of size reported in
the literature for sheep of the same weight.2 Thus a global
reduction of MA might have occurred in some animals.
The variation of some echocardiographic parameters regis-
tered after the implantation could have arisen from this,
although it has not affected the postimplantation dynamics.
We thank Luca Corti for the technical advice he provided for the
project.
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